In this paper, an improved hybrid space vector pulse width modulation (HSVPWM) technique is proposed for IM (induction motor) drives. The basic principle involved in the proposed random pulse width modulation (RPWM) cuddled SVPWM is amalgamating the pre-calculated switching timings for various sections of hexagonal space vector boundary and the random selection of carrier between two triangular signals, in order to disband acoustic switching noise spectrum with improved fundamental component. The arbitrary selection between triangular carriers, which is decided by digital signal states (Low or High) of the linear feedback shift register (LFSR) based pseudo random binary sequence (PRBS) generator. The SVPWM offers a control degree of freedom in terms of positioning of vectors inside every sampling interval and hence it has six possible variants of the voltage vectors arrangements in each sector. The developed HSVPWM is thoroughly analyzed in using the MATLAB® based simulation for all SVPWM variants. From the simulation and experimental results viz. harmonic spectrum, harmonic spread factor (HSF), total harmonic distortion (THD) etc., and the superiority of the proposed scheme such as better utilization of DC bus and the randomization of the harmonic power are evidenced. For the practical implementation, Xilinx XC3S500E FPGA device has been used.
Introduction
The main aim of any modulation technique employed in voltage source inverters (VSIs) is to obtain variable
Space Vector Modulation Switching Patterns
Space vector pulse width modulation is a digital PWM method, in which, the duty cycles of gating pulses are pre-calculated for every sections of target output cycle [5] [6] . At any instant in a particular sector, two vectors need to be participated in variable timing intervals to establish the target vector as indicated in Figure 1 . The effective switching instants are calculated as follows. where, T 1 , T 2 and T 0 are computed switching instants for the lagging, leading and zero switching vectors, "n" is the sector number (Sectors 1 to 6), T z is sampling time, f c is switching frequency and α is the instantaneous phase angle of V ref (0˚ ≤ α ≤ 360˚). The freedom in space vector modulation (SVM) is the choice of formulating the switching patterns [6] . The basic idea behind the any SVM pattern is the average voltage resulted in a sampling interval is same, but if the contributing vectors are switched for their computed times (T1 and T2) with appropriate null vector and the sequence. In contrary, the different patterns not only offer merits like unit transition, reduced switching losses, ease of implementation etc. but also performance differences in terms of fundamental component value and THD. The clues of the patterns' variation are detailed below. The choice of the zero vectors-(i) contribution of V 7 (111) or V 0 (000) or both for pattern formation, (ii) sequencing of the vectors (clockwise reference vector rotation and anti-clockwise reference vector rotation) and arrangement of leading, lagging and null vectors, (iii) and splitting of the duty cycles of the vectors without introducing additional commutations. Based on the above clues, six patterns are formulated. It is worth noting that according to the theory of SVM, the reference vector is contributed just by active vectors, not by null vectors. The involvement of null vectors may facilitate the digital implementation and also helps in solving few practical circuit complications. Avoidance of the null vectors may create a problem in inverter bridges that use isolation circuits such as bootstrap. The reason is that the lower leg of the inverter is switched on or off for extended periods of time. Pattern I: An unique switching pattern is followed for each sector and can be summarized as V 0 (000), V 1 (100), V 2 (110), V 7 (111), V 7 (111), V 2 (110), V 1 (100), V 0 (000) for sector 1. Where, V 1 and V 2 (V 1 + 60˚) are the forming (contributing) vectors in the sector 1. For the consecutive sector (Sector 2) the respective contributing vectors, V 2 and V 3 are used in place of V 1 and V 2 . Pattern II: This pattern is similar to pattern I, but only the null vector V 0 is involved in all sectors along with two active vectors. Pattern III: This pattern is similar to pattern II, but the null vector V7 is engaged instead of V0. Pattern IV: This pattern has two different vector sequences for odd numbered (1, 3, 5) and even numbered (2, 4, 6) sectors. With the contribution of vectors, odd sectors and even sectors use V 7 and V 0 as null vectors respectively. Pattern V: In this pattern, the null vector assignment is swapped while comparing to the pattern IV. That is, V 0 is considered for odd sectors and V 7 for even sectors. Pattern VI: This pattern is similar to pattern II, but the assignment of active vectors V 1 and V 2 are swapped.
Problem Formulation
The PWM techniques can be broadly classified as deterministic PWM schemes and non-deterministic PWM schemes. The conventional PWM schemes viz. SPWM, SVPWM, selective harmonic elimination PWM (SHEPWM) etc. are examples for deterministic PWM schemes. The RPWM schemes are non-deterministic PWM schemes. The deterministic PWM schemes are operated at constant switching frequency in a modern drive system [1] - [5] . In any deterministic PWM with carrier frequency, f c (say 1.5 kHz), the harmonic spectrum possesses the clustered harmonics at its multiples (2f c , 4f c , 6f c etc.) as shown in Figure 2 . The acoustic noise emitted by the motor is very annoying under this condition since the majority harmonics comes within the audible range (20 Hz -20 kHz). These clustered harmonic spectra will produce acoustic noise, electromagnetic interference (EMI), mechanical vibration and hence paves a possibility of physical damage to the rotor. The best way to reduce the audible switching noise is radiated from the induction motor is to increase the PWM switching frequency up to 18 kHz. Such a method can solve the noise problem but increases the switching loss of the inverter [12] . In general, the 1 -10 kHz range is the region of the greatest annoyance for human listeners. Unfortunately, this range may coincide with the switching frequency of the VSI quite often. Hence it is important that the acoustic noise radiated from the induction motor, with a frequency below 10 kHz should be reduced. In recently, to overcome this problem, a new host of techniques called RPWM has been proposed. The basic requirement of applications, which demands acoustic noise and vibration free working in harmonic spectrum involving more number of harmonics none having dominant magnitude (say > 5% of fundamental) rather than the spectrum of less number of dominant harmonics. This feature is otherwise known as spreading of harmonic power. RPWM methods contribute to dispersing of harmonics with same (range of) switching frequency as that of deterministic PWM methods. The RPWM technique is operating at variable switching frequency. By selecting the carrier triangle wave in a random manner, the above said problems are mitigated as understood from Figure 3 .
All the previous attempts in changing the reference wave were towards the fundamental enhancement and THD reduction. The reformation of harmonic spectrum like spreading the harmonic power must be done through carrier modification/randomization. The recent solution for above said problems is RPWM, where switching frequency is selected within the audible range (hence reduced switching losses) with an intelligent randomness so that no objectionable audio noise is produced.
Proposed Hybrid Scheme
An ingenious PWM schemes, which amalgamates the features of SVPWM and RPWM is the need of any modern ac drive system. Conceptually the SVM suggests six different references (analog equivalent) for the better most of THD and the enhanced fundamental. It does not offer any guidance on carrier selection and suggests the usage of conventional triangular carrier. Opportunely, the randomness addition in the RPWM is in carrier wave and restricted within the carrier cycle. This paves the way to amalgamate the random carrier with the SVPWM irrespective of the pattern preference.
The implementation accuracy of any computation intensive PWM largely depends on the implementation platform and the algorithm used. The proposed hybrid SVPWM (HSVPWM) adds both timing computation and carrier randomness to its complexity, and demands great care in implementation. The implementation of the HSVPWM is done with the help of an architecture as shown in Figure 4 . The HSVPWM architecture consists of three functional blocks namely, SVM reference generator block, carrier generation and selection block, and pulse generation block. The SVM reference generator block has the timing equations and a reference position in incremental mechanism. For every incremental position the instants of active and null vectors are computed and used for forming three-phase references. In the carrier generation and selection block, normal triangular carrier (+fc) and inverted triangular carrier of same frequency (−fc) are given as input to the 2:1 multiplexer. Choice of triangle called winning triangle depends up on the output of the LFSR based 8 bit random bit generator. The pulse generation block compares the references with the randomized carrier and generates the pulses for the six switches of VSI. In case the output is "1" then the winning triangle is +fc triangle otherwise the winning triangle is −fc triangle as shown in Figure 5 . This characteristic makes more continuous distribution.
In the carrier generation and selection block, normal triangular carrier (+fc) and inverted triangular carrier of same frequency (−fc) are given as input to the 2:1 multiplexer. Choice of triangle called winning triangle depends up on the output of the LFSR based 8 bit random bit generator. The pulse generation block compares the references with the randomized carrier and generates the pulses for the six switches of VSI. In case the output is "1" then the winning triangle is +fc triangle otherwise the winning triangle is −fc triangle as shown in Figure 5 . This characteristic makes more continuous distribution.
Discussion of Simulation Results
A simulation study is carried out using MATLAB 7.9b software with ode23tb solver. Conventional simulation study for the kind of calculation involves understanding the various waveforms, harmonic study (fundamental and other harmonics) and THD along with spectrum. Another performance parameter harmonic spread factor is a simple quality indicator would be useful for evaluating the harmonic spread effect of the random PWM scheme. The factor is named as harmonic spread factor (HSF) and uses the concept of statistical deviation. The HSF [10] [11] is defined as follows:
where, "H j " is amplitude of jth harmonics, "H 0 " is average value of all "N − 1" harmonics. The HSF quantifies the harmonic spectra spread effect of any PWM scheme and it should be small. For ideal flat spectra of white noise, the HSF would be zero. A theoretical comparison of line to line voltage performance indices are presented in for dc bus voltage V dc = 415 V, fundamental frequency f1 = 50 Hz and average switching frequency f c = 1.5 kHz with the inverter feeding a 0.75 kW, 415 V, 50 Hz, three-phase squirrel cage induction motor. The switches are considered to be ideal. The simulation results of the harmonic spectra for pattern I of HSVPWM (M a = 0.8) is given in Figure 6 . The performance parameters (fundamental voltage, THD and HSF) are carried out by using FFT window in MATLAB simulation tool with one cycle of line to line voltage. Table 1 and Table 2 show that all the performance assessment of RPWM and all the patterns of SVPWM, HSVPWM. From the assessment, SVPWM pattern I contributed well while compared with the other patterns. But pattern II of the SVPWM has given very low fundamental because of poor dc bus utilization. Usually, randomness effects of the SVPWM patterns are low when compared with the superimposed RPWM which is mainly designed to disperse the predominant harmonics. From the view of HSF, the performance of SVPWM pattern I is good above the linear modulation; But RPWM is better where the modulation index range is in between 0.2 to 0.8. From the table, fundamental component of the RPWM is low when compared with the SVPWM pattern I for all the levels of modulation indices, But while comparing other patterns, RPWM has given reasonably good results for higher linear modulation indices (Ma = 0.8 to 1.0). The SVPWM higher order patterns (3, 4, 5 and 6) have performed similarly not better than the pattern I and not lesser than the pattern II. Figure 7 and Figure 8 show the convenient three dimensional graphical representation of the fundamental and THD of all the methods. From the representation, while increasing the modulation indices, fundamental component also increases and the value of THD decreases. Figure 9 shows fruitful three dimensional graphical line representation of the significant HSF for all the methods. After the progress of the HSVPWM patterns, the fundamental value and the THD of the HSVPWM patterns in all the modulation indices are almost equal to SVPWM patterns. But amazingly the HSF of the HSVPWM patterns (except pattern II) are superimposed when compared to the existing SVPWM and RPWM schemes. For higher linear modulation indices (M a = 0.8 to 1.0), HSVPWM pattern I has given a higher harmonic spreading effects(less HSF) when compared with the other HSVPWM patterns. But for lesser than 0.8 modulation indices the pattern I is less performing while comparing with the higher order HSVPWM patterns (3 to 6).
The superlative values of performance indices are underlined in Table 1 and Table 2 . The improvements of the HSVPWM are clearly depicted in Table 1 and Table 2 . By comparing the simulation results, the proposed HSVPWM not only afford the better performance in terms of fundamental voltage and THD than conventional SVPWM and RPWM, but also provide less harmonic spread factor which results in reduced acoustic noise. In comparison, Table 3 shows that the percentage of improvement of the HSVPWM (pattern I) is better than the SVPWM (pattern I) and RPWM. For modulation index 1.0 HSF improvement of the HSVPWM 20.29% more than the SVPWM and 23.26% is better than the RPWM Fundamental improvement of HSVPWM 0.44% is more than the SVPWM and 28.44% more than the RPWM for modulation index 1.0. In HSVPWM, 0.23% of the THD has been decreased when compared with SVPWM and 24.88% decreased when compared with RPWM for the modulation index 1.0. Table 4 represents, noticeable dominating harmonic orders affecting the performance of the inverter fed drives system. The clustered of harmonics at its multiples (2fc = order 62, 58 and 56) are existing in the harmonic spectrum of the SVPWM and RPWM (2fc = order 60), whereas these are having less than 5% of the magnitude in HSVPWM.
Discussion on FPGA Synthesis Results
The recent developments in the field of VLSI made FPGAs as one of the major components in high performance processors especially in the area of power conversion utilities [14] . The VHDL has been used to design the proposed 
Experimental Results
To validate the analysis and simulations in the previous sections, a laboratory experimental setup has been assembled as shown in Figure 10 . The set-up consists of a 0.75 kW, 415 V, 50 Hz three-phase squirrel cage induction machine fed from a 2 kW intelligent power module based IGBT inverter. Spartan3E-XC3S500E FPGA is used as the controller platform. A dead time of 2.7 µ seconds is inserted between the switches of the same inverter leg in order to ensure smooth transition of the switching states of the inverter shown in Figure 11 . In both the conventional and proposed schemes, the tests are carried out with the 50 Hz fundamental frequency of the inverter voltage. Figure 12 represents the Yokogawa precision power analyzer window for measuring the line to line voltage and line current of the proposed HSVPWM scheme. In comparing the simulation results with experimental results clearly depicts that both results are very similar, and harmonic spectra spread effect is most excellent in the hybrid scheme as shown in Figure 13 . 
Conclusion
In this paper, a hybrid Space Vector PWM switching patterns for three phase voltage source inverter is proposed. The main idea of the proposed PWM strategy is to combine the merits of both the SVPWM and RPWM. The HSVPWM is compared systematically with its counterparts SVPWM and RPWM. The results evidenced the success of the HSVPWM methods in term of improved fundamental component, reduced THD and minimal HSF. The strategy finds it suitability with the modern ac drives for noise free working. In addition, this method, blended successfully with FPGA, occupies less area and achieves low propagation delay with very less power dissipation. In future, more randomization can be performed by using 16 bit or 32 bit LFSRs.
